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METHODS OF NANOSTRUCTURE FORMATION AND SHAPE SELECTION 

Related Applications 

[0001] This application claims priority of U.S. Provisional Application No. 60/432,098 
filed on December 9, 2002. 

Federally Sponsored Research or Development 
[0002] This invention was developed under support from the Office of Naval 
Research (grant N-001 4-01 -1-0976), "Self-Assembly Approaches to 3D Photonic 
Crystals" and a Career Award from NSF (grant DMR-9983893), "Nanostructured 
Surfaces and Materials." 

Background of the Invention 
[0003] Metal nanoparticles play important roles in many different areas. For 
example, they can serve as a model system to experimentally probe the effects of 
quantum-confinement on electronic, magnetic, and other related properties. They have 
also been widely exploited for use in photography, catalysis, biological labeling, 
photonics, optoelectronics, information storage, surface-enhanced Raman scattering 
(SERS), and formulation of magnetic ferrofluids. The intrinsic properties of a metal 
nanoparticle are mainly determined by its size, shape, composition, crystallinity, and 
structure (solid versus hollow). In principle, any one of these parameters can be 
controlled to fine-tune the properties of this nanoparticle. For example, the plasmon 
resonance features of gold or silver nanorods have been shown to have a strong 
dependence on the aspect-ratios of these nanostructures. The sensitivity of surface- 
enhanced Raman scattering (SERS) has also been demonstrated to depend on the 

exact morphology of a silver nanoparticle. 

1 



Salt Lake 216159_2.DOC 

[0004] Many metals can now be processed into monodisperse nanoparticles with 
controllable composition and structure, and sometimes can be produced in large 
quantities through solution-phase methods. Despite this, the challenge of synthetically 
controlling the shape of metal nanoparticles has been met with limited success. On the 
nanometer scale, metals (most of them are face-centered cubic ("fee")) tend to nucleate 
and grow into twinned and multiply twinned particles with their surfaces bounded by the 
lowest-energy {111} facets. Other morphologies with less stable facets have only been 
kinetically achieved by adding chemical capping reagents to the synthetic systems. For 
examples, triangular nanoplates of gold have been synthesized by reducing chloroauric 
acid with citric acid (rather than sodium citrate) and by adding sodium hydroxide 
solution toward the end of this reaction. Silver nanoprisms in large quantities have also 
been prepared through a photo-induced approach in which small silver nanospheres 
transform to nanoprisms with the help of citrate and a co-ligand such as bis(p- 
sulfonatophenyl) phenylphosphine dehydrate dipotassium. 

[0005] When a metal nanostructure is processed into a hollow entity, its performance 
can be further improved due to its relatively lower density and higher surface area than 
its solid counterpart. For instance, hollow nanoshells made of palladium have been 
shown to be an effective, well recoverable catalyst for Suzuki coupling reactions, while 
the monodisperse solid palladium nanoparticles greatly lose their catalytic ability after a 
single use. 

[0006] Hollow nanostructures made of metals can be fabricated by depositing a thin 
layer of metal (or its precursor) on an existing solid nanostructure (e.g., silica beads and 
polymeric latexes) followed with the calcinations or chemical etching to remove the 
templates. However, a procedure for manufacturing hollow nanostructures with smooth, 
nonporous surfaces, homogenous, highly crystalline walls and structural integrity is 
needed. 

[0007] Additional aspects and advantages of this invention will be apparent from the 
following detailed description of preferred embodiments, which proceeds with reference 
to the accompanying drawings. 
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Brief Description of the Drawings 
[0008] FIG. 1 is an illustration of a silver nanocube manufactured by the methods 
described herein with facets {100}, {111} and {110}. 

[0009] FIGS. 2A and 2B show low- and high-magnification SEM images of slightly 

truncated silver nanocubes synthesized with the present approach. 

[0010] FIG. 2C shows a TEM image of the same batch of silver nanocubes shown in 

FIGS. 2A and 2B. The inset shows the electron diffraction pattern obtained by directing 

the electron beam perpendicular to one of the square faces of a cube. 

[0011]FIG. 2D shows an XRD pattern of the same batch of sample shown in FIGS. 2A- 

2C. 

[001 2] FIGS. 3A and 3B show TEM images of silver nanocubes synthesized under the 
same conditions as in FIGS. 2A-2D except that the growth time was 17 minutes for FIG. 
3A and 14 minutes for FIG. 3B. 

[001 3] Figure 4 shows a TEM image of silver nanocubes synthesized under the same 
conditions as in FIGS. 2A-2D except that the concentration of silver nitrate was 0.125 
mol/dm 3 and the growth time was 30 min. 

[0014]FIG. 5 shows an SEM image of nanopyramids formed under the same conditions 
as the nanocubes of FIGS. 2A-2C except that the reaction temperature was decreased 
to 100° C and the growth time elongated to 5 hours. 

[001 5] Figure 6A shows an SEM image of silver nanocubes, such as those shown in 
FIGS. 2A-2D, following reaction with an insufficient amount of aqueous solution of 
chloroauric acid. 

[001 6] FIGS. 6B shows electron diffraction patterns of two gold/silver alloyed nanoboxes 
with their square and triangular facets oriented perpendicular to the electron beam, 
respectively. 

[001 7] FIGS. 6C and 6D show electron diffraction patterns of individual nanoboxes 
sitting on TEM grids against one of their square and triangular faces, respectively. 
[001 8] FIG. 7A is a diagram of the procedure for manufacturing nanoboxes from silver 
nanocubes. 

[0019] FIG. 7B is a diagram of the reaction that occurs in the replacement process. 



3 



Salt Lake 216159_2.DOC 



[0020] FIG. 8 is a schematic illustration of the formation of movable solid core (Au/Ag 
alloy) and shell (Au/Ag alloy). 

[0021] FIG. 9A shows a schematic illustration of the formation of a multiple walled 
hollow nanoshell. 

[0022] FIG. 9B shows TEM images of nanostructures, each with a core encapsulated by 
a single nanoshell. 

[0023] FIG. 9C shows TEM images of nanostructures, each with a core encapsulated 
by a double nanoshell. 

[0024] FIG. 9D shows TEM images of nanostructures, each with a core encapsulated by 
a triple nanoshell. 

[0025] FIG. 10 is a schematic illustration of the formation of hollow nanotubes. 

[0026] FIG. 11A shows an SEM image sample of silver nanocubes. 

[0027] FIGS. 11B-11G and 11J-11M show SEM images of samples following the 

reaction silver nanocubes with differing amounts of HAuCI 4 . 

[0028] FIGS. 1 1 H and 1 1 1 show electron diffraction patterns of two nanoboxes. 

[0029] FIGS. 12A-12F show TEM images of samples before (FIG. 12A) and following 

the reaction silver nanowires with differing amounts of HAuCI 4 solution (FIGS. 12B-12F). 

The insets are SEM images. 

[0030] FIGS. 13A-13F show TEM images obtained from spherical silver nanoparticles 
before (FIG. 13A) and following reaction with differing amounts of HAuCI 4 solution 
(FIGS. 13B-13F). The insets are SEM images. 

[0031] FIG. 14 shows a TEM image of Pt nanotubes formed by a method of the present 
invention. 

[0032] FIG. 15A shows another TEM image of Pd nanotubes. 

[0033] FIG. 15B shows a typical SEM image of sonicated nanotubes, indicating that 
their surfaces were still continuous and smooth. 

[0034] FIGS. 16A shows SEM images and FIG. 16B shows SAED patterns of silver 
nanowires. 

[0035] FIG. 16C shows SEM images and FIG 16D shows SAED patterns of single- 
shelled nanotubes of Au/Ag alloy. 
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[0036] FIG. 16E shows SEM images and FIG. 16F shows SAED patterns of double- 
shelled nanotubes of Au/Ag alloy. 

[0037] FIG. 17 shows an SEM image of triple-shelled nanotubes of Au/Ag alloy. 

[0038] FIG. 18 shows an SEM image of double shelled nanotubes with the constituent 

material of inner shell being Au/Ag alloy and the outer shell being Pd/Ag alloy. 

Detailed Description 
I. THE FORMATION OF SILVER NANOSTRUCTURES 

[0039] Silver nanostructures of various shapes can be formed by the reduction of 
silver nitrate with ethylene glycol in the presence of polyvinyl pyrrolidone) ("PVP"). The 
morphology and dimensions of the product depend on reaction conditions, including 
temperature, the concentration of silver nitrate, and the molar ratio between the 
repeating unit of PVP and silver nitrate. The methods described herein provide 
nanostructures with high uniformity in sizes, controllable size and shape, single 
crystallinity, large quantities, and good dispersibility in variable solvents. Uniform hollow 
nanostructures can be generated by reacting the silver nanostructures with other metal 
precursors, such as chloroauric acid (HAuCU), paladium nitrate (Pd(N0 3 ) 2 ) or platinum 
acetate (Pt(CH 3 COO) 2 . The formation of hollow nanostructures is discussed in more 
detail below. Nanostructures surrounded by a shell (a rattle-like structure) may be 
formed by plating solid or hollow nanostructures and reacting the plating with another 
metal salt. The generation of the core/shell structures is discussed in more detail 
below. 

[0040] FIG. 1 is an illustration of a silver nanocube generated by the methods described 
herein with facets {100}, {111} and {110}. FIGS. 2A and 2B show SEM images of a 
typical sample of silver nanocubes obtained by adding silver nitrate in ethylene glycol at 
a concentration of 0.25 mol/dm 3 and PVP in ethylene glycol at a concentration of 0.375 
mol/dm 3 to heated etheylene glycol and allowing the reaction to proceed at a reaction 
temperature of 160°C. The injection time was 8 min, the unit of volume was one 
milliliter (mL) and the reaction time was 45 minutes. The formation of silver nanocubes 
is described in more detail in connection with Example 1 below. 
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[0041] FIGS. 2A and 2B indicate the large quantity and good uniformity that were 
achieved. The silver nanocubes had a mean edge length of 175 nm with a standard 
deviation of 13 nm. Their surfaces were smooth, nonporous and some of them self- 
assembled into ordered two-dimensional arrays on the silicon substrate when the 
scanning electron microscopy ("SEM") sample was prepared. All corners and edges of 
the nanocubes were slightly truncated, as can be seen in FIG. 2B. The image shown in 
FIG. 2B was taken at a tilting angle of 20°. FIG. 2C shows a transmission electron 
microscopy ("TEM") image of an array of silver nanocubes self-assembled on the 
surface of a TEM grid. The inset shows the electron diffraction pattern obtained by 
directing the electron beam perpendicular to one of the square faces of a cube. The 
square symmetry of this pattern indicates that each silver nanocube was a single crystal 
bounded mainly by {100} facets. On the basis of these SEM and TEM studies, it is clear 
that the slightly truncated nanocube can be described by the drawing shown in FIG. 1 . 
[0042] FIG. 2D shows the x-ray diffraction (XRD) pattern recorded from the same batch 
of sample shown in FIGS. 2A-2C. The peaks were assigned to diffraction from planes 
(111), (200) and (220) of fee silver nanocubes. The ratio between the intensities of 200 
and 111 diffraction peaks was higher than the conventional value (0.67 versus 0.4), 
indicating that nanocubes manufactured as described herein are abundant in {100} 
facets. Thus their (100) planes tend to be preferentially oriented (or textured) parallel to 
the surface of the supporting substrate. The ratio between the intensities of (220) and 
(111) peaks was also slightly higher than the conventional value (0.33 versus 0.25) due 
to the relative abundance of {110} facets on the surfaces of our silver nanocubes. 
[0043] The dimensions of silver nanostructures could be controlled by varying growth 
time. The silver nanocubes described above in connection with FIGS. 2A-2D were 
formed over a reaction time of 45 minutes had an average edge length of 175 nm. 
[0044] FIGS. 3A and 3B show TEM images of silver nanocubes synthesized under the 
same conditions as the nanocubes shown in FIGS. 2A-2D except that the growth time 
was shortened from 45 to 17 minutes (FIG. 3A) and to 14 minutes (FIG. 3B). A growth 
time of 17 minutes obtained nanocubes with average edge lengths of 1 15 nm. A growth 
time of 14 minutes resulted in nanocubes with average edges lengths of 95 nm. 
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[0045] FIG. 4 shows a TEM image of silver nanocubes synthesized under the same 
conditions as in FIGS 2A-2D except that the concentration of silver nitrate had been 
reduced from 0.25 mol/dm 3 to 0.125 mol/dm 3 and the growth time had been shortened 
to 30 minutes. The average edge length was 80 nm. These results demonstrate that it 
is possible to tune the size of silver nanocubes by controlling the growth conditions. 
[0046]Varying reaction conditions can select for nanostructures with different shapes. 
Once a desired shape is identified, the nanostructures may be formed under condition 
optimized to yield the desired shape at a higher percentage than any other 
nanostructure shape. The nanostructures of the desired shape may then be separated 
from nanostructures of the other shapes by centrifugation (gravity) or by filtration. 
[0047] Crystalline silver nanocubes may be obtained when under the following reaction 
conditions: (1) the initial concentration of silver nitrate in ethylene glycol ranges from 
about 0.1 mol/dm 3 to about 0.3 mol/dm 3 ; (2) the molar ratio of PVP to silver nitrate 
ranges from about 1 .5 to about 3; (3) the PVP used has a molecular weight ranging 
from about 40,000 to about 1,300,000; (4) the growth time ranges from about 10 
minutes to about 60 minutes; and (5) reaction temperatures ranges from about 155° C 
to about 175° C. These reaction conditions may depend on one another. For example, 
when the molar ratio of PVP to silver nitrate is 3, the concentration of silver nitrate used 
to obtain silver nanocubes is 0.125 mol/dm 3 . In another example, when the molar ratio 
is 1.5, the concentration of silver nitrate used to obtain silver nanocubes is 0.25 
mol/dm 3 . Specific methods for generating different silver nanostructures are discussed 
in more detail in connection with Examples 1-4 below. 

[0048] Half-cubes or pyramids may be obtained by similar conditions: (1) a silver nitrate 
concentration of about 0.25 mol/dm 3 ; (2) a ratio of PVP to silver nitrate of about 1 to 
about 4; (3) a PVP molecular weight ranging from about 40,000 to about 1 ,300,000; (4) 
a reaction temperature of about 90° C to about 1 10° C; and (5) a growth time of about 4 
to about 10 hours. FIG. 5 shows an SEM image of a sample of pyramids formed at a 
reaction temperature of about 100° C and a growth time of 5 hours. 
[0049] Silver nanowires may be obtained under the following reaction conditions: (1) a 
concentration of silver nitrate of less than about 0.1 mol/dm 3 ; (2) ratio of PVP to silver 
nitrate ranging from about 1 to about 10; (3) PVP molecular weight ranging from about 
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20,000 to about 1,300,000; (4) a reaction temperature ranging from about 150° C to 
about 190° C; and (5) a growth time ranging from about 20 to about 60 minutes. 
[0050] Multiply twinned particles were obtained under the condition described above for 
forming nanocubes except that the molar ratio between the repeating unit of PVP and 
silver nitrate was increased from 1 .5 to 3. If the ratio of PVP to silver nitrate approaches 
3, then a silver nitrate concentration of about 0.25 mol/dm 3 can be used to form multiply 
twinned particles. 

[0051] Spherical silver nanoparticles were also synthesized using the polyol process. In 
a typical synthesis, 0.025 g silver nitrate (99+%, Aldrich) and 0.10 g PVP (molecular 
weight of about 55,000, Aldrich) were dissolved in 10 mL anhydrous ethylene glycol 
(99.8%, Aldrich) at room temperature. The mixture was heated at 160° C for 1.5 hours 
while it was vigorously stirred. The average diameter of these particles was 75 nm. 
The diameter of the particles could be controlled by changing the concentrations of 
silver nitrate and PVP. The amount of silver nitrate for forming spherical silver 
nanoparticles used in the volumes disclosed above ranges from about 0.01 grams to 
about 1 .0 grams. The amount of PVP for forming spherical silver nanoparticles used in 
the volumes disclosed above ranges from about 0.05 to about 2 grams. The diameter 
of silver nanospheres made by this process can be tuned in the range of about 20 nm to 
about 300 nm. 

[0052] The shape of an fee nanocrystal is mainly determined by the ratio (R) between 
the growth rates along <100> and <111> directions. Octahedra and tetrahedra 
bounded by the most stable planes {111} will be formed when R= 1.73 and perfect 
cubes bounded by the less stable planes {100} will result if R is reduced to 0.58. For 
the slightly truncated nanocube illustrated in FIG. 1, the ratio R should have a value 
close to about 0.7. If PVP is not present, reducing silver nitrate with ethylene glycol 
forms multiply twinned particles bounded by the most stable {111} facets. When PVP is 
introduced, it is believed that the selective interaction between PVP and various 
crystallographic planes of fee silver could greatly reduce the growth rate along <100> 
and/or enhance the growth rate along <1 1 1>, and thus reduce R from 1.73 to 0.7. Both 
Fourier Transform Infrared Spectroscopy and X-Ray Photoelectron Spectroscopy 
measurements indicate that there exists a strong interaction between the surfaces of 
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silver nanoparticles and PVP through coordination bonding with the O and N atoms of 
pyrrolidone ring, albeit the exact bonding geometry and the nature of the selectivity 
between different crystallographic planes are still not clear. 

[0053] The synthetic strategy presented here to prepare silver nanocubes should be 
extendable to other metals since ethylene glycol can reduce a broad range of metallic 
salts to generate metals, including noble metals (e.g., gold, platinum, palladium and 
copper), magnetic metal (e.g., iron, cobalt and nickel) and some superconductive 
metals (e.g., lead). The major requirement seems to be the availability of an 
appropriate polymer that will be capable of forming coordination compounds with these 
metal ions and can selectively adsorb onto different surfaces of these metals. 

II. FORMATION OF HOLLOW NANOSTRUCTURES 

[0054] Hollow nanostructures of other metals, such as gold/silver, platinum/silver and 
palladium/silver alloys, may be formed by using silver nanostructures or nanostructures 
of other metals as sacrificial templates. This method yields hollow nanostructure with a 
single manufacturing step. The hollow nanostructures can be selected to have 
substantially nonporous walls or can be selected to have porous walls. If desired, the 
hollow nanostructures yielded by this method can also have smooth, nonporous 
surfaces, homogenous, highly crystalline walls and structural integrity. There are two 
requirements in obtaining a hollow metal nanostructure of a particular metal or alloy: the 
proper solvent and a salt that can be reduced by the nanometer-sized templates. For 
example, silver nanocubes may be used as sacrificial templates to generate gold/silver 
alloy nanoboxes with a well-defined shape and hollow structure, based on the following 
reaction: 

3 Ag(s) + HAuCU(aq) Au(s) + 3AgCI(aq; + HC\(aq). 

[0055] Based on this stoichiometric relationship, silver nanocubes, for example, can be 
converted into soluble species and leave behind a gold/silver alloy in the form of 
nanoboxes. The resulting structures may be selected to be nanoboxes with solid walls 



9 



Salt Lake 216159_2.DOC 

or nanocages with porous walls, depending on the amount of HAuCU added to the silver 
nanocubes. 

[0056] In one embodiment, the method of preparing hollow nanostructures comprises: 
(1) obtaining a solution of solid nanostructures comprising at least one metal; (2) 
selecting a salt of a second metal, wherein the first metal can reduce the salt; (3) 
blending a sufficient amount of the salt with the solid nanostructure solution to enable 
the formation of hollow nanostructures. These hollow nanostructures are formed by a 
replacement reaction between the metal salt and the metal in the solid nanostructure. 
[0057] Two successive, distinctive processes are involved in this replacement reaction. 
The first process involves the combination of dissolution of silver templates and alloying 
between deposited gold layers and silver, together with the formation of seamless 
nanostructures that have hollow interiors and uniform walls composed of gold/silver 
alloy. The second process involves the dealloying, which is associated with the 
morphological reconstruction as well as the generation of pinholes in the walls. For 
example, in the first step of the reaction between silver nanocubes and HAuCU solution, 
the silver nanocubes were transformed into pinhole-free nanoboxes. In the second 
step, the dealloying process selectively dissolved silver atoms of the Au/Ag wall and 
lattice vacancies were generated in the wall. The Ostwald ripening process could 
rearrange these lattice defects, resulting in the formation of truncated nanoboxes and 
porous nanoboxes (nanocages). 

[0058] FIG. 6A shows an SEM image of a sample of 5 ml_ of solution containing silver 
nanucubes at a concentration of about 4x1 0 9 particles/mL after reaction with 0.3 mL of 
aqueous 1 x 10* 3 mol/dm 3 HAuCU solution, which was an insufficient amount of HAuCI 4 . 
The black spots represent pinholes in their surfaces where no gold had been deposited 
through the replacement reaction. It is believed that the existence of such pinholes 
allows for the transport of chemical species into and out of the gold/silver boxes until the 
boxes became seamless. The locations of these black spots implied that the 
replacement reaction occurred on the surface of a template in the following order: {110}, 
{100}, and {111} facets. This sequence was consistent with the order of free energies 
associate with these crystallographic planes: Kmor* K{ioo}> K{ni>. Additional SEM 
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images showing the formation of nanoboxes by this process are discussed in 
connection with Example 8. 

[0059] FIG. 6B shows an SEM image of sample of 5 mL of solution containing silver 
nanucubes at a concentration of about 4x1 0 9 particles/mL following reaction with 1.5 mL 
of aqueous 1 x 10~ 3 mol/dm 3 HAuCU solution. The gold/silver nanoboxes shown in FIG. 
6B self-assembled into a close packed two-dimensional array during sample 
preparation. The size of these gold boxes increased by about 20% compared with that 
of the silver templates. This increase in size was in agreement with the shell thickness 
calculated from stoichiometric and geometric arguments. The gold/silver nanoboxes 
were finished with smooth surfaces, and most of them (>95%) were free of irregularities 
such as pinholes. Stated otherwise, the gold/silver alloy nanoboxes were substantially 
non-porous. Each box was bounded by two sets of facets (eight triangular and six 
square ones), and any one of these facets could lie against a solid substrate. The inset 
of FIG. 6B shows the SEM image of an individual box sitting on a silicon substrate 
against one of its triangular facets, illustrating the high symmetry of this polyhedral, 
hollow nanoparticle. The crystallinity and structure of these nanoboxes were examined 
using electron diffraction. 

[0060] FIGS. 6C and 6D show electron diffraction of nanoboxes sitting on TEM grids 
against one of their square and triangular faces, respectively. These diffraction spots 
suggest that each nanobox was a single crystal, with its square facets being indexed to 
{100} planes and triangular ones to {111} planes. These observations suggest that an 
epitaxial relationship exists between the surfaces of the silver cubes and those of 
gold/silver alloyed boxes that greatly facilitated the transformation from the single 
crystalline templates to the single crystalline products. Minor reconstruction also 
occurred in the replacement process: for example, the {110} planes that were observed 
as ridges on the surfaces of silver cubes disappeared and the areas of {1 1 1} and {100} 
facets were enlarged and reduced, respectively. 

[0061] FIG. 7 is a schematic illustration of morphological and structural changes 
involved in the galvanic replacement reaction between a silver nanocube and an 
aqueous HAuCU solution. The major steps can be summarized as the following: (A) 
initiation of the replacement at a specific spot having relatively high surface energy; (B) 
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continuation of the replacement reaction between Ag and HAuCI 4 along with the 
formation of a partially hollow structure; (C) formation of nanoboxes with uniform, 
smooth, nonporous, homogeneous walls composed of a Au/Ag alloy; (D) initiation of 
dealloying and morphological reconstruction of the Au/Ag nanobox; (E, F) continuation 
of dealloying, together with the formation of small pores in the walls; (G) fragmentation 
of the porous Au nanobox. The cross section represents the plan along the dashed 
lines. 

[0062] Silver nanowires can react with HAuCU and display a similar morphological 
evolution process to the process describe above for nanoboxes. Reaction temperature 
plays a critical role in the replacement reaction because the dissolvability of AgCI and 
the diffusion of metals were strongly dependent on temperature. This template- 
engaged replacement reaction between silver nanostructures and other metals enables 
the preparation of metal nanostructures with precisely designed geometric 
constructions. Controlling the morphology of metal nanostructures provides an effective 
mean to tune their properties. For example, nanostructures with different morphologies 
formed by reacting the same amount of silver nanocubes and different volumes of 
HAuCU solution could continuously tune their surface plasmon resonance peak over a 
broad range from 500 to 1200 nm. 

[0063] Silver templates may be used to generate hollow structures by using other metal 
ions that can be reduced by silver. For example, palladium/silver and platinum/silver 
hollow structures can be generated by reacting their salt with silver templates. The 
reaction for reacting silver with a palladium salt is: 

Pd(N0 3 )2(aq) + 2Ag (s) -> Pd (S ) + 2AgN0 3( ag) 
[0064]The reaction for reacting silver to with a platinum salt is: 

Pt(CH 3 COO)2 ( aq) + 2Ag {s) -> Pt (s) + 2Ag(CH 3 COO)(aq) 

[0065] Alternatively, Ni/Co alloy nanoparticles may be used a sacrificial templates for 
forming hollow nanostructures of other metals or metal alloys. The replacement 
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reaction is based on two equations, one for the conversion of nickel and one for the 
conversion of cobalt. For example, the two replacement reactions for generating silver 
or silver/alloy hollow nanoparticles using Ni/Co alloy nanoparticles are: 

Ni (s) + 2AgN0 3( aq) - Ni(N0 3 ) 2 (aq) + 2Ag (s) 

and 

Co ( s) + 2AgN0 3( aq) - Co(N0 3 ) 2 (aq) + 2Ag< s) . 
[0066] The two replacement reactions for generating gold or gold alloy hollow 
nanostructures from Ni/Co alloy nanoparticles are: 

3Ni (S ) + 2HAuCI 4 (aq) 3NiCI 2 (aq) + 2HCI (a q) + 2Au (s) 

and 

3Co (s) + 2HAuCI4 (aq) 3CoCI 2( aq) +2HCI (aq) +2Au (s) . 

[0067] Methods for generating hollow metal nanoparticles using a sacrificial template 
are discussed in more detail below in connection with Examples 5-13. 

III. COMPLEX NANOSHELL AND NANOTUBE FORMATION 

[0068] Core/shell nanostructures (nanostructures having with cores encapsulated by a 
nanoshell) can be made by preparing solid nanoparticles, coating the nanoparticles with 
a layer of a different metal or metal alloy and allowing the coating to be replaced with 
another metal or metal alloy. Alternatively, multiple walled hollow nanostructures may 
be formed by using hollow nanostructures, manufactured as described above, as a 
precursor. The nanostructure core and nanoshell are separated by a space along at 
least a portion of the circumference of the nanostructure core. In one embodiment, the 
nanostructure core is unattached to the encapsulating nanoshell and is can move freely 
within the nanoshell. 

[0069] FIG. 8 is a schematic illustration of the formation of movable solid core 
(gold/silver alloy) and shell (gold/silver alloy). Step (A) shows the plating of a silver 
layer on the surface of an gold/silver alloyed solid nanoparticle. Step (B) shows the 



13 



Salt Lake 216159_2.DOC 

plated silver layer reacting with HAuCI4, resulting in the formation of a rattle-like 
core/shell structure. 

[0070] Shell thickness and morphology can be controlled by controlling the volume of 
HAuCI 4 solution added to the dispersion of nanostructures. SEM or TEM images may 
be taken following the addition of each drop to determine whether the desired shell 
thickness and morphology has been reached. The spacing between core and shell may 
also be tuned by changing the concentration of AgN03 in the silver plating step. The 
extinction peaks exhibited by these rattle-like core/shell structures may also be tuned by 
controlling the reaction conditions. 

[0071]These rattle-like core/shell nanostructures may be formed with more than one 
shell surrounding the nanoparticles by repeating the plating and replacement process 
with a metal salt differing from salt used to create the previous shell. For example, a first 
nanoshell may be created by plating a Ag/Au allowed solid nanoparticles with silver, 
then reacting the silver plating with HAuCI4. Additional nanoshell may be added by 
repeating the process. Alternatively, additional nanoshells may be generated by coating 
the core/shell particles with silver and then adding a different metal salt, such as 
Pd(N0 3 ) 2 or Pt(CH 3 COO) 2 . FIG. 9A shows a schematic illustration of the formation of a 
multiple walled hollow nanoshell. Step (I) represents the formation of a hollow 
nanostructure as described above. Step (II) shows the plating of the hollow 
nanostructure and Step (III) represents the replacement reaction of the plating to form a 
shell. FIG. 9B shows a TEM image of a nanostructures, each with a single nanoshell; 
FIG. 9C shows a TEM image of nanostructures with double nanoshells, and FIG. 9D 
shows nanostructures with triple nanoshells formed by this process. 
[0072] FIG. 10 is a schematic illustration of the formation of hollow nanotubes. Step A 
shows a silver nanowire reacting with HAuCI 4 to form a hollow nanotube whose 
morphology is complementary to that of the silver nanowire. The resultant nanotube 
could be coated with a conformal, thin sheath of Ag through an electroless plating 
process, shown as Step B. After repeating the galvanic replacement reaction, a new 
tubular wall with slightly larger lateral dimensions would be formed, and a double-walled 
nanotube was obtained, Step C. Coaxial nanotubes with more than two walls could be 
readily synthesized by repeating Steps B and C. The thickness of each new wall can be 
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controlled by varying the concentration of AgN0 3 solution used for plating silver layers. 
These nanotubes may serve as substrates for surface-enhanced Raman spectroscopic 
("SERS") detection of molecular species with ultra-sensitivity in the spectral region form 
red to near infrared ("NIR"), which happens to be a transparent window for biological 
samples. 



EXAMPLES 

Examples 1-4: FORMATION OF SILVER NANOSTRUCTURES 
Example 1 

[0073] Example 1: A 3-neck glass flask and condenser are immersed in nitric acid bath 
( WV=1 :4) for 10 h and rinsed with copious water, then dried in the oven at 60°C. All the 
other glass stuff, including 20-mL liquid scintillation glass vials and disposable pipets, 
can be cleaned via the same procedure. 

[0074] The recipes include silver nitrate (silver source), PVP (shape-selective reagent, 
weight-average molecular weight « 55,000), anhydrous ethylene glycol (both solvent 
and reducing agent, such as the product from Aldrich, Milwaukee, Wl). 
[0075]A solution of PVP can be prepared by dissolving appropriate amount of PVP in 
anhydrous ethylene glycol with the final concentration of 0.375 mol/dm 3 (in terms of 
repeating unit). For the preparation of a solution of silver nitrate, the calculated amount 
of silver nitrate (milled into fine powder) is added to anhydrous ethylene glycol, then 
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bubbled with air to accelerate the dissolving process. The silver nitrate should be 
dissolved completely within 1.5 min with final concentration of about 0.25 mol/dm 3 . 
[0076] To form silver nanocubes, a 5 volume of anhydrous ethylene glycol in flask is 
heated at 160°C (in oil bath) for 1 hour. A 3 volume of solution of silver nitrate (freshly 
prepared) and a 3 volume of solution of PVP are simultaneously added into the hot 
ethylene glycol by means of a two-channel syringe pump over a period of 2-12 min. 
The solution is continued to heat at 160°C for another 10 to 60 min. Vigorous magnetic 
stirring (such as a rotation rate of 400 rpm) is maintained throughout the entire process. 
[0077]The product can be collected via centrifugation. In this case, the reaction product 
is diluted with acetone (5-10 times by volume) and centrifuged at 5000 rpm for 15 
minutes. The supernatant can be removed using a pipet and the precipitate is 
redispersed by adding appropriate solvents (such as methanol, ethanol, ethylene glycol, 
water and their mixtures). In some cases, the product includes some nanorods and 
nanowires with yield of 5%. The one-dimensional nanostructures with high aspect- 
ratios can be easily separated from nanocubes through filtration (with Nucleopore® 
membranes containing pores 1 i^m in diameter) because of their large difference in 
dimension. 

[0078] The nanocubes are single crystals and are characterized by a slightly truncated 
shape bounded by {100}, {110} and {111} facets. Their sizes have narrow distribution. 

Example 2 

[0079] Silver nanocubes were prepared by heating 5 ml_ anhydrous ethylene glycol 
(99.8%+, Aldrich, Milwaukee, Wl) in a 100 ml_ flask (ChemGlass, Vineland, NJ) at 160° 
C for 1 hour. Two solutions were prepared: a 3 mL ethylene glycol solution of silver 
nitrate (0.25 mol/dm 3 , 99+% Aldrich) and PVP (0.19 mol/dm3 in terms of repeating unit, 
Mw ^55,000, Aldrich); and (2) a 3 mL ethylene glycol solution of PVP (0.19 mol/dm 3 in 
terms of repeating unit, M w «55,000, Aldrich). The two solutions were simultaneously 
added to the hot ethylene glycol using a two-channel syringe pump (KDS-200, Stoelting 
Co., Wood Dale, IL) at a rate of 0.375 mL/minute. The reaction mixture was then 
continued with heating at 1 60° C for 40 minutes. Magnetic stirring at a rate of about 400 
rpm was maintained through the entire synthesis. The product was dominated by cubic 
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nanoparticles, with a small amount (<5%) of nanostructures with other morphologies 
(e.g., rods, cubooctahedrons, tetrahedrons, and spheres). 

Example 3 

[0080] Silver nanowires were synthesized via the method described above for Example 
2 except that 3 mL ethylene glycol solution of silver nitrate (0.085 mol/dm 3 ) and 3 mL 
ethylene glycol solution of PVP (0.13 mol/dm 3 ) were simultaneously injected, at an 
injection rage of 0.375 mL/minute, into 5 mL ethylene glycol. The ethylene glycol had 
been pre-heated at 160° C before the addition of the solutions of AgN0 3 and PVP. 

Example 4 

[0081] Silver nanoparticles with semi-spherical shapes were synthesized by dissolving 
0.025 g silver nitrate and 0.10 g PVP in 10 mL ethylene glycol. The mixture was then 
heated at 160° C for 1 .5 hours while it was vigorously stirred. The silver nanostructures 
made by the processes described herein could disperse well in water. 



Examples 5-13: FORMATION OF HOLLOW NANOSTRUCTURES 
Example 5 

[0082] The silver nanocubes formed by the method described in Example 1 can be used 
as sacrificial templates to generate single-crystalline nanoboxes of gold/silver alloy. 
The resulting gold/silver alloyed nanoboxes are hollow tetradecahedra bounded by six 
{100} and eight {111} facets. In a typical procedure, a 5 volume of the aqueous 
dispersion containing silver nanocubes at a concentration of about 4x109 particles /mL 
is refluxed for 10 minutes. A 1.5 volume of 1x1 0~ 3 mol/dm 3 aqueous solution of 
chloroauric acid is added drop-wise to the refluxing solution. This mixture is 
continuously refluxed until its color became stable. Vigorous magnetic stirring is also 
maintained throughout the synthesis. 
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Example 6 

[0083] Samples of silver nanocubes were prepared by mixing together (1) a 100-//L 
aliquot of an original dispersion of as-synthesized silver nanocubes, such as those 
manufactured by the method described above in Example 2, and (2) 5 ml_ of de-ionized 
water (purified with cartridges from Millipore, E-pure, Dubuque, Iowa) at room 
temperature. The diluted dispersion containing silver nanocubes was refluxed for 10 
minutes. Aliquots of 1 x 10~ 3 mol/dm 3 HAuCI 4 (99.9%, Aldrich) aqueous solution were 
added dropwise to the refluxing solution. This mixture was continuously refluxed for 20 
minutes and the color became stable. 

[0084] SEM images of the solution were taken following the addition different volumes of 
HAuCI 4 solution to determine the progress of the reaction. Vigorous magnetic stirring 
was maintained throughout the synthesis. When the solution was cooled down to room 
temperature, white solid (AgCI precipitate) would settle at the bottom of containers. The 
AgCI solid could be removed by dissolving with saturated solution of NaCI (99.9%, 
Fisher, Fairlawn, New Jersey). However, in this example NaCI powders were added to 
the aqueous dispersions of products until the solution was saturated with NaCI. The 
solution was then transferred to centrifuge tubes and centrifuges at 10,000 rpm for 15 
minutes. The supernatant containing the dissolved AgCI was easily removed using a 
pipet. The settlings were rinsed with water and centrifuged six times for a time of about 
10 to about 30 minutes each time. The final solids were dispersed with water. 

Example 7 

[0085] The reaction described above for Example 6 was repeated with 250 -//L and 250 
-/jL aliquots for nanowires and spherical nanoparticles, respectively to obtain nanoshells 
in the shape of nanowires and spherical nanoparticles. 

Example 8 

[0086] Eleven samples were prepared as described above in Example 6. SEM images 
of each of the eleven samples (shown in FIGS 11A-11K) were prepared after the 
addition of differing amounts of HAuCI 4 solution to each sample. FIGS. 11A-11K show 
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SEM images of the eleven samples of silver nanocubes following the addition of 
increasing amounts of 1 x 10~ 3 mol/dm 3 HAuCI 4 solution. FIG. 11 A shows an SEM 
image sample of silver nanocubes before any HAuCI 4 has been added. FIG. 11A 
illustrates the good monodispersity that was achieved using the polyol process 
described above. These silver nanocubes had smooth surfaces and a mean edge 
length of 111 nm, with a standard deviation of 13 nm. The inset shows the electron 
diffraction pattern obtained by aligning the electron beam perpendicular to one of the 
square faces of a cube. 

[0087] For the samples shown in FIGS. 11B-11K, HAuCI 4 , each sample was allowed to 
react with an amount of 1 x 10~ 3 mol/dm 3 HAuCI 4 solution for 20 minutes while vigorous 
stirring was maintained. FIG. 11B shows an SEM image of a sample of silver 
nanocubes after reaction with 0.05 mL of HAuCI 4 solution. As shown in FIG. 1 1B, small 
holes had formed in the nanocubes, as indicated by the black spots on the surfaces of 
the cubes. SEM results over hundreds of particles indicated that only about one sixth of 
the particles could display holes. This observation confirms that only one hole was 
formed on each particle since each cube has six equivalently square faces and any one 
had the same possibility to sit against the substrate. The newly formed surfaces 
associated with the holes represent the more active sites in further replacement 
reactions. The particles had no apparent change in size during this initial reaction, 
indicating that the gold layers deposited on the surfaces were very thin. The thin gold 
layers might not be able to well passivate the surfaces of the silver cubes and thus the 
further reaction enlarged the holes, as shown in FIG. 1 1C. 

[0088] FIGS. 11C and 11D show SEM images of silver nanocubes following reaction 
with 0.10 mL (FIG. 1 1C) and 0.30 (FIG. 11D)of 1 x 10~ 3 mol/dm 3 HAuCI 4 solution. The 
gold layers (or films) would be thickened when more gold atoms were generated by the 
replacement reaction. Once the gold layer thickness reached a critical value (about 1 
nm), the holes would shrink due to the volume diffusion, surface diffusion, and/or 
dissolution and deposition promoted at 100° C. As shown in FIG. 11D, the openings 
were reduced as compared to those shown in FIG. 11C. The inset shown in the lower 
left corner of FIG. 11D gives the image of an individual cube with a slightly higher 
magnification, exhibiting the coarseness of the hole edge. The formation of extruded 
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structures into the hole implied that the mass diffusion process might be account to the 
shrinkage of openings. In addition, the TEM image of a microtomed sample, shown in 
the inset in the upper right-hand corner of FIG. 11D, shows that the nanostructures 
formed at this stage were cubic particles with hollow interiors. When the volume of 
HAuCI 4 was high enough, the void sizes increased to form cubic nanoboxes with 
uniform walls, which were confirmed by the TEM image of a mirotomed nanobox 
(shown in the inset of FIG. 1 1 E). 

[0089]The SEM image in FIG. 11E and the TEM image in the inset of FIG. 11E show a 
sample after reacting with 0.50 mL of 1 x 10~ 3 mol/dm 3 HAuCI 4 solution. Note that all 
the holes had disappeared and form seamless nanoboxes with smooth, nonporous 
surfaces. The inset in FIG. 11E shows a TEM image of a mircotomed nanobox. The 
hollow shape of the nanobox can be seen in this inset. 

[0090] FIG. 1 1F shows an SEM image of a sample formed after reaction with 0.75 mL of 
1 x 10* 3 mol/dm 3 HAuCI 4 solution. The nanoboxes in the sample had transformed into 
pinhole-free nanoboxes. The average edge length of these nanoboxes slightly 
increased to 117 from the original average edge length of the original silver nanocubes 
(111 nm). This increase indicates that the generated gold was deposited on the 
surfaces of the silver nanocubes. The inset in FIG. 1 1 F shows an electron diffraction 
pattern which was recorded by directing the electron beam perpendicular to one of the 
square surfaces. The pattern show in this inset displayed the same symmetry as that of 
silver nanocubes, implying an epitaxial relationship existed between the walls of the 
nanoboxes and surfaces of the silver nanocubes during the replacement process. The 
corners of some nanoboxes shown in FIG. 1 1 F were slightly truncated, indicating the 
start of dealloying process. 

[0091] FIG. 11G shows an SEM image of a sample of silver nanocubes after reaction 
with 1.00 mL of 1 x 10~ 3 mol/dm 3 HAuCI 4 solution. The nanoboxes formed were 
truncated and each one was bounded by two sets of facets (eight triangular faces and 
six octagonal ones). The inset shows the SEM image of a truncated nanobox sitting on 
the silicon substrate against one of its triangular faces. The crystalline structure of 
these truncated nanoboxes was examined using electron diffraction. 



20 



Salt Lake 216159_2.DOC 

[0092] FIG. 11H and 111 give the electron diffraction patterns recorded from two 
nanoboxes sitting on the TEM grids against one of their octagonal and triangular faces, 
respectively. These patterns indicated that each truncated nanobox was a single 
crystal, with its octagonal faces being bounded by {100} crystallographic planes and 
triangular ones by {111} planes. As shown in FIG. 11 J, the walls of truncated 
nanoboxes were decorated with small pinholes of 1-5 nm in size as the volume of 1 x 
10~ 3 mol/dm 3 HAuCI 4 solution was increased to 1 .50 mL. These pinholes were enlarged 
during the further dealloying process, as shown in FIG. 11K. The truncated corners 
bounded by {111} facets disappeared and also transformed into large pores. Most 
pores exhibited the square profile. These porous nanoboxes are referred to as 
nanocages. Electron diffraction results suggested that these cubic nanocages were 
also single crystals bounded by {100} planes. 

[0093]The nanoboxes of FIG. 1 1K were formed by reacting a sample of nanocubes as 
described above with 2.00 mL of 1 x 10" 3 mol/dm 3 HAuCU solution. Once the dimension 
of these pinholes reached a critical value, they would coalesce into large pores with 
sizes ranging from 20 to 60 nm, as shown in FIG. 11L. The nanoboxes shown in FIG. 
11L were formed by reacting a sample of nanocubes as described above with 2.25 mL 
of 1 x 10~ 3 mol/dm 3 HAuCI 4 solution. The nanocages collapsed into gold fragments 
when the silver nanocubes had reacted with 2.5 mL of 1 x 10" 3 mol/dm 3 HAuCU solution, 
shown in FIG. 11M. 

[0094] Gold/silver alloyed nanoshells such as those formed by the methods described 
herein were found to be about seven times more sensitive to environmental change 
when compared with solid gold colloids having roughly the same diameters. Based on 
the Mie scattering theory, the SPR band of a metal nanoparticle is expected to red-shift 
with increasing the refractive index of the dispersion medium. The high sensitivity of 
gold/silver alloyed nanoshells to environmental change, as well as the high extinction 
coefficient in the red and NIR regions, should make nanoshells an ideal platform to 
probe biologically binding events which occur on the colloid surface. 

Example 9 
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[0095] Silver nanowires synthesized via the polyol process represented another class 
of nanostructures with well-defined shapes. Each nanowire had a pentagonal cross 
section (as shown in the inset of Figure 12A), five straight side edges parallel to its 
longitudinal axis, five flat side surfaces bounded by {100} facets, ten {111} end facets, 
and a five-fold twinned crystalline structure. Six 5 mL samples of a silver nanowire 
dispersion in water at a concentration of 1.2 x 10~ 3 mol/dm 3 (in terms of silver atoms) 
were prepared and allowed to react with different volumes of 1 x 10~ 3 mol/dm 3 HAuCU 
solution. The TEM and SEM (insets) images of the resultant nanostructures are shown 
in FIGS. 12A-12F. FIG. 12A shows TEM images of silver nanowires before the addition 
of HAuCU solution. FIG. 12B shows an image of a sample after reaction with 0.3 mL of 
1 x 10~ 3 mol/dm 3 HAuCU solution; FIG. 12C shows a sample after reaction with 0.6 mL 
of 1 x 10" 3 mol/dm 3 HAuCI 4 solution, FIG. 12D shows sample after reaction with 1.5 mL 
of 1 x 10~ 3 mol/dm 3 HAuCI 4 solution; FIG. 12E shows a sample after reaction with 2.3 
mL of 1 x 10~ 3 mol/dm 3 HAuCI 4 solution; and FIG. 12F shows a sample after reaction 
with 3.0 mL of 1 x 10~ 3 mol/dm 3 HAuCI 4 solution. When the volume of HAuCI 4 was 0.3 
mL, each silver nanowire developed interior cavities (i.e. tubular strips), as shown in 
FIG. 12B. All the silver nanowires were transformed into nanotubes with smooth and 
uniform sheaths (FIG. 12C) when the volume of HAuCI 4 solution added was 0.6 mL. 
These nanotubes inherited the typical morphological features of silver nanowires. As 
shown in the inset, each tube has a pentagonal cross section, five straight side edges 
and five flat side surfaces. The electron diffraction patterns taken from individual 
nanotubes were essentially the same as that of silver nanowires. These observations 
further confirmed that the elemental gold generated from the replacement reaction was 
epitaxially deposited on the surfaces of silver nanostructures. Dealloying of these 
Au/Ag nanotubes could also generate pinholes on their surfaces (FIGS. 12D and 12E). 
The pore size was dependent on the volume of HAuCI 4 that was added to the 
dispersion of silver nanowires. Similar to silver nanocubes, the holes with relatively 
large sizes (>20 nm) also displayed the square symmetry due to their side surfaces 
being bounded by {100} facets. FIG. 12 shows the result of complete dealloying, with 
the porous nanotubes collapsed into gold nanoparticles. 
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Example 10 

[0096] Six samples of silver microspheres were prepared and reacted with different 
amount of 1 x 10~ 3 mol/dm 3 HAuCI 4 solution. Each sample was 5 ml_ and contained 1.5 
x 10 11 silver microspheres in water. The TEM and SEM (the insets) images in FIGS. 
13A-F shown the typical morphologies of the products formed at different stages in the 
replacement reaction. FIG. 13A shows solid silver nanoparticles, before the addition of 
HAuCU solution. FIG. 13B shows hollow nanoparticles following reaction with 0.25 mL 
of 1 x 10~ 3 mol/dm 3 HAuCU solution. The nanoparticles shown in FIG. 13B have holes 
on their surfaces and small void sizes. FIG. 13C shows a sample of nanoparticles 
following reaction with 0.60 mL of 1 x 10~ 3 mol/dm 3 HAuCI 4 solution. The nanoparticles 
shown in FIG. 13C are seamless nanoshells with uniform and homogeneous walls. 
FIG. 13D shows nanoparticles following reaction with 1.00 mL of 1 x 10~ 3 mol/dm 3 
HAuCI 4 solution. The nanoparticles shown in FIG. 13 are porous nanoshells with small 
pinholes. FIG. 13E shows nanoparticles following reaction with 1.20 mL of 1 x 10~ 3 
mol/dm 3 HAuCI 4 solution. As shown in FIG. 13E the resulting particles are nanocages 
with larger pores. FIG. 13F shows the result of adding 1.50 mL of 1 x 10~ 3 mol/dm 3 
HAuCI 4 solution. As shown in FIG. 13F the resulting particles are fragments of gold. 

Example 1 1 

[0097] Silver nanowires were used in a replacement reaction with platinum to form 
hollow nanostructures. A solution of 5 mL of silver nanowires at a concentration of 1 .2 x 
10~ 3 mol/dm 3 (in terms of silver atoms) in water was prepared. The solution was 
refluxed with 1 mL of 2.55 x 10" 3 mol/dm 3 aqueous Pt(CH 3 COO) 2 solution. By refluxing 
silver nanowires with the Pt(CH 3 COO) 2 solution for 30 minutes, platinum/silver 
nanotubes were formed with relatively high yields. FIG. 14 shows a TEM image of the 
resulting Pt nanotubes. Compared with Au/Ag nanotubes, the walls of Pt/Ag nanotubes 
seemed to be rougher and primarily composed of discrete nanoparticles. This different 
could be attributed to the fact that the Ostwald ripening process for Pt/Ag nanoparticles 
might require a relatively higher temperature due to the higher melting point of this 
metal. As a result, the wall of Pt/Ag nanotubes could not effectively be reconstructed to 
form a highly crystalline structure at the refluxing temperature (about 100° C) of an 
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aqueous medium. This problem is expected to be solved by selecting a solvent with a 
higher boiling point, as long as it does not react with silver nanowires or the platinum 
salt and both silver nanowires and the platinum precursor can be well-dispersed or 
dissolved in it. For example, 2,4-pentanedione (CAS number 123-54-6) may be suitable 
solved for a platinum precursor solvent. 

Example 12 

[0098] A solution of 5 mL of silver nanowires at a concentration of 1 .2 x 10-3 mol/dm 3 (in 
terms of silver atoms) was prepared and reacted with 1 mL of 10x10~ 3 mol/dm 3 of an 
aqueous solution of Pd(NO) 2 . The solution was refluxed for 30 minutes at a 
temperature of 100° C. Note that the Pd(N0 3 )2 solution should be freshly prepared 
before use to prevent the Pd/Ag cations from hydrolysis to form Pd(OH) 2 that will be 
unable to oxidize Ag to Ag + . FIG. 15A shows a TEM image of Pd nanotubes obtained 
by this reaction. FIG. 15B shows a typical SEM image of sonicated nanotubes, 
indicating that their surfaces were still relatively continuous, smooth and nonporous. 
The inset of FIG. 15B shows that the Pd/Ag nanotubes were hollow and their walls were 
uniform in thickness. The Pd/Ag nanotubes could be used to catalyze the Suzuki 
coupling reaction, the coupling reaction between phenylboronic acid and iodobenzene. 
The Pd/Ag nanotubes performed well as a catalyst and could be easily recovered from 
the reaction mixture by centrifugation and reused as catalyst for another round of the 
Suzuku coupling reaction. 
Example 13 

[0099] Hollow silver or silver alloy nanoparticles were generated using sacrificial 
templates of Ni/Co alloy. A solution of Ni/Co alloyed particles was prepared by 
dissolving 0.2037 g Co(N0 3 )2-6H 2 0) and 0.3419 g NiS0 4 -6H 2 0 in 1,2-propanediol. 0.2 
g of NaOH was then added to the solution. After it was dissolved, 50 jjL of 0.5 x 10~ 3 
mol/dm 3 AgN0 3 solution was added at room temperature. The mechanical stirring was 
kept throughout the synthesis. The final product was centrifuged and rinsed with 
ethanol, water and acetone. The solid products were redispersed in 20 mL of water. 
Hollow silver nanoparticles were obtained at a yield of about 80%. The volumes and 
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concentrations described above for the replacement reactions for silver to gold may be 
used in converting Ni/Co nanoparticles to silver or its alloy. 

Examples 14- 16: FORMATION OF COMPLEX NANOSHELLS AND NANOTUBES 
Example 14 

[00100] To form rattle-like core/shell nanostructures, a solution of Au/Ag alloyed solid 
nanoparticles was prepared. Solid Au/Ag alloyed nanoparticles with a gold molar 
fraction in the range of 0.1-1.0 were prepared by the following process: An appropriate 
volume (for example, 0.31 ml_ was added if the gold molar fraction was 0.75) of 3 x 10~ 2 
mol/dm 3 HAuCI 4 was added to 50 mL of water and the solution was then heated to its 
boiling temperature. To this hot solution was added a sufficient amount of 2 x 10-2 
mol/dm 3 aqueous AgN0 3 to bring the total concentration of silver and gold species 
(HAuCI 4 and AgN0 3 ) to 0.25 x 10~ 3 mol/dm 3 . A volume of 1% sodium citrate solution 
(2.5 mL) was added to the refluxing solution and allowed to reflux for 30 minutes. The 
final solution was then left to cool to room temperature. 

[00101] Silver plating solutions were mixed with the dispersion of Au/Ag alloyed solid 
nanoparticles, resulting in the formation of silver layers. Au/Ag alloyed solid 
nanoparticles with a gold fraction of 0.75 were used. 15 mL of the Au/Ag solution 
prepared as described above was mixed with 2.5 mL of 0.1 mol/dm 3 ascorbic acid 
(99.9+%, Aldrich). Then 2.5 mL of 5 x 10" 3 mol/dm 3 AgN0 3 solution was added to the 
mixture dropwise. The reaction was allowed to proceed for 30 minutes with vigorous 
stirring. The products were centrifuged at a rate of 2500 rpm for 15 minutes. The 
supernatant was removed using a pipet. The settlings were redispersed in 15 mL 
water. 

[00102] The redispersed settlings were refluxed for 15 minutes and a 40.4 mL aliquot 
of 1 x 10~ 3 mol/dm 3 HAuCI4 was added to the hot solution dropwise. The mixture was 
refluxed for 20 minutes. The yield of core/shell structures obtained by this method was 
as high as 95%. 

Example 15 
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[00103] Multiple walled nanotubes were formed by first synthesizing Ag/Au single- 
walled nanotubes. The single-walled nanotubes were generated by diluting a 250 |jl_ 
aliquot of silver nanowires (0.02 mol/dm 3 in terms of silver atoms) with 5 ml_ water. 
After refluxing for 15 minutes, 1 mL of aqueous 1 x 10~ 3 mol/dm 3 HAuCI 4 solution 
(99.9%, Aldrich) was added dropwise, and the mixture continued to reflux for another 10 
minutes. To coat the nanotubes with silver sheaths, 3 mL of the resulting dispersion of 
silver nanotubes was mixed with 0.8 mL of ascorbic acid (0.1 x 10~ 3 mol/dm 3 99+%, 
Aldrich), and 0.8 mL of AgN0 3 solution (5 x 10" 3 mol/dm 3 , 99+%, Aldrich) was added 
dropwise. This electroless plating process was allowed to proceed for 30 minutes at 
room temperature and the mixture was centrifuged at 2000 rpm for 15 minutes to 
remove the excess ascorbic acid. 

[00104] For the synthesis of Ag/Au double-walled nanotubes, the Ag-coated 
nanotubes were redispersed in 5 mL water and used for another round of replacement 
reaction. In this round, a 0.8-mL aliquot was used to generate double-walled nanotubes 
of Au/Ag alloy. By adding another round of the electroless plating of silver (using 1.2 
mL of 5 x 10~ 3 mol/dm 3 AgN0 3 ) and replacement reaction (using 1.2 mL of 1 x 10~ 3 
mol/dm 3 HAuCU solution, triple walled nanotubes of Au/Ag alloy were also synthesized. 
[00105] FIGS. 16A shows SEM images and FIG. 16B shows selected area electron 
diffraction ("SAED") patterns of silver nanowires. FIG. 16C shows SEM images and FIG 
16D shows SAED patterns of single-walled nanotubes of Au/Ag alloy. FIG. 16E shows 
SEM images and FIG. 16F show SAED patterns of double-walled nanotubes of Au/Ag 
alloy. All samples were sonicated for 1 hour to expose the cross section of these on- 
dimensional nanostructures. The Ag nanowires had a mean diameter of about 50 nm 
and the single walled nanotubes had a similar diameter, with a wall thickness around 7 
nm. The inset in 16A is a TEM image of the cross-section of an individual Ag nanowire, 
indicating that each wire had a 5-fold twinned structure characterized by five single 
crystalline subunits (marked T1, T2, T3, T4, and T5). The SAED patterns shown in 
16B, 16D and 16F are essentially the same, suggesting that an epitaxial process was 
involved in the morphological evolution from nanowires to nanotubes. FIG. 17 shows 
an SEM image of triple walled nanotubes of Au/Ag alloy. 
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Example 16 

[00106] For the synthesis of double-walled nanotubes whose outer walls were made 
of Pd/Ag alloy and the inner walls made of Au/Ag alloy, an aqueous solution of 
Pd(N0 3 ) 2 (1 x 10~ 2 mol/dm 3 , 99.9%, Alfa Aesar in Ward Hill, Massachusetts) was used 
for the second step of replacement reaction. Vigorous magnetic stirring was maintained 
throughout the syntheses. Before analysis the AgCI contaminant in nanotube samples 
was removed by dissolving with a saturated NaCI solution. The nanotubes were 
recovered by centrifuging the suspension at 8000 rpm for 12 minutes, followed by 
rinsing 5 times with water. SEM images of the nanotubes were obtained using a FEI 
field emission microscope (Sirion XL) operated at 20 kV. In preparing the SEM 
samples, the nanotubes and nanowires were sonicated for 1 hour to expose their cross 
section, and then small droplets of their aqueous dispersion were put on silicon 
substrates. 

[00107] FIG. 18 shows SEM images of double walled with the constituent material of 
inner wall being Au/Ag alloy and the outer wall being Pd/Ag alloy. 

[00108] It will be obvious to those having skill in the art that many changes may be 
made to the details of the above-described embodiments without departing from the 
underlying principles of the invention. The scope of the present invention should, 
therefore, be determined only by the following claims. 
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